Abstract
, cardiovascular 17 , as well as immune system function [18] [19] [20] , while abnormal K + concentration levels are often associated with certain disease conditions 21, 22 . Measuring K + concentrations has predominantly relied upon K + -specific glass capillary electrode 23 . Although sensitive and accurate, such electrode-based measurements are invasive for patients, time consuming, and low throughput. 
Results

Design and construction
We designed genetically encoded K + indicators by inserting Kbp between a FP FRET pair (Fig. 1a) . We expected that, upon binding of K + , the Kbp sensing domain would undergo a conformational change, increasing FRET efficiency between the FP donor and acceptor (Fig. 1b) . Accordingly, we would observe a ratiometric fluorescence change with a donor emission fluorescence decrease and an acceptor emission fluorescence increase. We constructed a fusion protein consisting of two FPs: the cyan FP (CFP) mCerulean3 as the FRET donor 31 ; and a circularly permutated variant of yellow FP (YFP), cp173Venus 32 , as the FRET acceptor. We chose mCerulean3
because it is the brightest CFP currently available 33 with an exceptionally high quantum yield at 0.80; and cp173Venus is a bright FRET acceptor with orientation factor optimized for a CFP-based donor 32 . mCerulean3 is linked to the N-terminus of Kbp (residues 2-149) with cp173Venus attached to the C-terminus (Fig. 1a, b) . The resulting K + indicator was designated KIRIN1 (potassium/K ion ratiometric indicator). We also construct a red-shifted K + indicator with an alternative fluorescence hue, using a FRET pair of the green FP (GFP) Clover and the red FP (RFP) mRuby2 34 ( Supplementary   Fig.1 ). The resulting indicator was named KIRIN1-GR (KIRIN1 with GFP and RFP).
In vitro Characterization
To investigate the potential utility of KIRIN1 as a K In parallel characterization, KIRIN1-GR exhibited an apparent dissociation constant K d = 2.56 ± 0.01 mM for K + binding. Like KIRIN1, it also showed a strict selectivity toward K + .
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However, the in vitro K + binding-induced FRET ratio change was limited to 20%, much smaller than the 230% ratio change of KIRIN1 (Supplementary Fig.2 ). 36, 37 . Cells were imaged in both the CFP (excitation 436/20 nm emission 483/32 nm) and FRET (excitation 438/24 nm, emission 544/24 nm) channels, and the FRET ratio image of KIRIN1 was calculated by dividing the FRET channel image by the CFP channel image (Fig. 3a) . Upon treatment with 5 µM amphotericin B and 10 µM ouabain, the indicator exhibited a gradual decrease of 15% in FRET ratio over a period of ~60 minutes, signaling a decrease of K + concentration in the cells (Fig. 3b) . The control experiment using KIRIN1-expressing cells treated with DMSO vehicle and imaged under identical conditions revealed no significant change in FRET ratio over the same time period (Fig. 3c) . A similar FRET ratio decrease was observed with cells expressing KIRIN1-GR (Supplementary Fig. 3 (Fig. 4b) . After washing out glutamate, the FRET ratio of KIRIN1 returned to baseline after ~600 s (Fig. 4b) , suggesting the re-equilibration of intracellular K + concentration in neurons.
Imaging of intracellular K + depletion in cell lines
To further confirm that the FRET ratio change is due to K + dynamics rather than other cellular changes associated with neuronal activities, we performed the same set of experiments but replaced glutamate stimulation with high extracellular concentrations of In addition to KIRIN1, we constructed another K + indicator, KIRIN1-GR, based on the green and red FP FRET pair Clover/mRuby2. However, the change in FRET ratio of KIRIN1-GR is substantially smaller than that of KIRIN1, which is like due to the relatively low quantum yield of mRuby2 (0.38) 45 and the lack of weak dimerization effect of CFP/YFP pair 46, 47 . Nonetheless, the GFP/RFP-based, FRET pair-based KIRIN should offer a high signal-to-background ratio with minimal spectral bleed-through. Future efforts to increase the KIRIN1-GR FRET change could be directed at replacing the Clover/mRuby2 FRET pair with newly developed brighter GFPs such as mClover3 or mNeonGreen and brighter RFPs such as mRuby3 or mScarlet 34, 48, 49 .
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KIRIN1's large FRET ratio change and high specificity make it a promising probe for KIRIN1 and KIRIN1-GR genes were PCR amplified, digested, and ligated into the mammalian expression vector pcDNA3.1 (Thermo Fisher Scientific). pcDNA 3.1-NES-KIRIN1 was constructed by PCR with the primer containing the nuclear exclusion signal (NES) encoding the sequence (LALKLAGLDIGS). All constructs were verified by DNA sequencing.
In vitro characterization
The indicator protein was expressed as His-tagged recombinant proteins in E.coli. with an induction temperature of 20°C overnight. Bacteria were centrifuged at 10,000 rpm, 4°C for 10 min, lysed using sonication, and then clarified at 14,000 rpm for 30 min. The protein was purified from the supernatant by Ni-NTA affinity chromatography (McLab) according to the manufacturer's instructions and then buffer exchanged using a PD-10 (GE Healthcare Life Sciences) desalting column. For K + K d determination, purified protein was diluted into a series of buffers with K + concentration ranges from 0 to 150 14 mM. The fluorescence spectrum of the KIRIN1 in each solution (100 µL) was measured using a Tecan Safire2 microplate reader with excitation at 410 nm and emission from 430 nm to 650 nm. The fluorescence spectrum of the KIRIN1-GR in each solution (100 µL) was measured using a Biotek microplate reader with excitation at 470 nm and emission from 490 nm to 700 nm). Titration experiments were performed in triplicate.
The FRET ratios (F Acceptor /F Donor ) were plotted as a function of K + concentration. Data was analyzed using Graphpad Prism to obtain apparent K d and the apparent Hill coefficient. Figure 3) . HeLa or HEK293 cell images were processed using ImageJ. 
Live cell imaging
Statistical analysis
All data are expressed as mean ± s.e.m. Sample sizes (n) are listed for each experiment. 
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